[1] To provide critical ULF wave field information for radial diffusion studies in the radiation belts, we quantify ULF wave power (f = 0.5-8.3 mHz) in GOES observations and magnetic field predictions from a global magnetospheric model. A statistical study of 9 years of GOES data reveals the wave local time distribution and power at geosynchronous orbit in field-aligned coordinates as functions of wave frequency, solar wind conditions (V x , DP d and IMF B z ) and geomagnetic activity levels (Kp, Dst and AE). ULF wave power grows monotonically with increasing solar wind V x , dynamic pressure variations DP d and geomagnetic indices in a highly correlated way. During intervals of northward and southward IMF B z , wave activity concentrates on the dayside and nightside sectors, respectively, due to different wave generation mechanisms in primarily open and closed magnetospheric configurations. Since global magnetospheric models have recently been used to trace particles in radiation belt studies, it is important to quantify the wave predictions of these models at frequencies relevant to electron dynamics (mHz range). Using 27 days of real interplanetary conditions as model inputs, we examine the ULF wave predictions modeled by the Lyon-Fedder-Mobarry magnetohydrodynamic code. The LFM code does well at reproducing, in a statistical sense, the ULF waves observed by GOES. This suggests that the LFM code is capable of modeling variability in the magnetosphere on ULF time scales during typical conditions. The code provides a long-missing wave field model needed to quantify the interaction of radiation belt electrons with realistic, global ULF waves throughout the inner magnetosphere.
Introduction
[2] Among the proposed mechanisms that control radiation belt dynamics, large amplitude ULF pulsations have the potential to supply the energy necessary to create variability in the relativistic electron fluxes [Hudson et al., , 2000 Elkington et al., 1999 Elkington et al., , 2003 . If global magnetohydrodynamic (MHD) codes are able to reproduce ULF waves, following relativistic electrons in the MHD fields would then allow us to understand the behavior of radiation belt electrons in ULF wave fields. The broad goal of this paper (and the companion paper [Huang et al., 2010] ) is to determine the radial diffusion rate of radiation belt electrons through computer simulations. In this paper, we characterize the major features of the ULF wave fields during various solar wind conditions and geomagnetic activity levels using geosynchronous observations and a global magnetospheric model. Under circumstances when the global MHD code works well, we can simulate the radiation belt electrons in electric and magnetic fields that represent a realistic, dynamic magnetosphere. In the companion paper [Huang et al., 2010] , we determine the rate of radial transport of radiation belt electrons at the equatorial plane using a global MHD code and a particle tracing code.
[3] There is an extensive and rich literature on ultralow frequency (ULF) oscillation research [Takahashi et al., 2006, and references therein] . While questions still exist about the sources and propagation of ULF waves, that is not the aim of our study. Rather, the focus of this paper is to quantify specifically those characteristics of ULF wave power necessary to better understand their effects on radiation belt electrons. ULF waves are thought to play an important role in the transport and acceleration of energetic particles in the magnetosphere and are among the proposed mechanisms that control the variability of radiation belt electrons. Recent statistical studies find a strong correlation between ULF wave power and outer zone electron flux [Rostoker et al., 1998; O'Brien et al., 2001] . In addition, Hudson et al. [1999] and Elkington et al. [1999] suggest that large amplitude ULF pulsations could supply the energy necessary to generate variability in the relativistic electron flux. Therefore, quantifying the spatial distribution and amplitude of ULF waves in the magnetosphere for different solar wind conditions is essential for better understanding these wave-particle interactions in the radiation belt environment.
[4] Dungey [1954] first proposed that these long-lasting periodic geomagnetic oscillations might be the signature of standing Alfvén waves being excited on magnetic field lines. Different classes of magnetospheric pulsations have different sources. In general, ULF waves are associated with lowfrequency plasma waves that arise due to perturbations of magnetic flux tubes. Primary sources of magnetospheric ULF waves are solar wind variations in dynamic pressure and IMF B z , bounce and drift resonances with ring current ions, substorm injections, cavity mode excitations and the KelvinHelmholtz instability at the magnetopause [Pu and Kivelson, 1983; Hughes, 1994] . These different mechanisms perturb the magnetosphere on large scales and generate ULF waves with different spatial distributions, frequency ranges, and harmonic structures.
[5] ULF wave surveys have been carried out both from ground observations and measurements in space. Groundbased observations are excellent for studying ULF waves because they provide continuous coverage over a large portion of Earth's surface. However, the signals measured on the ground are mostly the transverse components and the lowmode number waves that propagate through the ionosphere. Spacecraft observations provide in situ measurements, which have greatly enhanced our understanding of ULF waves. Based on field measurements from GOES, CRRES, AMPTE, and ISEE satellites, statistical studies provide wave occurrence rates and integrated wave power from the near-Earth region to the magnetopause location [e.g., Higuchi and Kokubun, 1988; Anderson et al., 1990; Zhu and Kivelson, 1991; Hudson et al., 2004; Brautigam et al., 2005] . For example, Zhu and Kivelson [1991] showed the spatial distribution of mean wave amplitude for the compressional, azimuthal and radial components of magnetic field fluctuations using ISEE-1 and 2. They showed that intense compressional ULF waves are strong near the flanks of the magnetosphere and azimuthal waves peak on the nightside. A number of excellent reviews of geomagnetic pulsations are available which provide extensive background of the subject, e.g., Southwood and Hughes [1983] and Anderson [1994] .
[6] Even though ULF waves have been studied for several decades, comprehensive statistical maps of global, timedependent, geomagnetic wave activity that can provide the crucial element for a quantitative understanding of driftaveraged wave-particle interactions do not exist. Theoretically, global magnetohydrodynamic (MHD) codes are capable of reproducing MHD waves, such as ULF waves. However, to date, the only ULF wave analysis from a global MHD code are by Elkington et al. [2004] and Claudepierre et al. [2008] and S. Claudepierre, M. Hudson, W. Lotko, J. Lyon, and R. Denton (Solar wind driven of magnetospheric ULF waves: Field line resonances driven by dynamic pressure fluctuations, submitted to Journal of Geophysical Research, 2010). Elkington et al. [2004] found that the power spectral density (PSD) of ULF waves at local dusk in the Lyon-Fedder-Mobarry (LFM) global MHD code [Lyon et al., 2004] during a geomagnetic storm sharply decreases toward the inner regions of the magnetosphere, in good agreement with average ground-based observations. Claudepierre et al. [2008] show surface waves near the flanks in the LFM code which are generated by the Kelvin-Helmholtz instability. S. Claudepierre et al. (submitted, 2010) used the LFM code to investigate how the solar wind dynamic pressure fluctuations drive field line resonances on the dayside magnetosphere. Nevertheless, further investigation and validation are needed to better quantify wave characteristics in global MHD codes for the benefit of studying wave-particle interactions using combined global MHD code and particle tracing code Elkington et al., 2003 Elkington et al., , 2004 .
[7] Geosynchronous orbit is located conveniently in the outer electron belt, and provides many magnetic field and particle measurements. Therefore, geosynchronous orbit is an ideal place for assessing ULF wave properties to better understand the behavior of relativistic electrons in global ULF wave fields. In this study, we use 9 years of GOES magnetic field data to characterize the local time distribution and wave amplitude of ULF waves at geosynchronous orbit during various solar wind conditions and geomagnetic activity levels. While previous studies derive the integrated wave power and occurrence rate of ULF waves, we calculate the power spectral density as a function of frequency to provide the appropriate wave characteristics for electrons of different energies and hence different resonant drift periods. In addition, in order to understand the dynamic behavior of radiation belt electrons in realistic ULF wave fields, a global, self-consistent, and time-dependent magnetospheric model is needed. Therefore, we compare the power spectral density of GOES data with the simulation results of the LFM code, to examine the ability of one global magnetospheric model to reproduce wave features statistically.
ULF Wave Spectra at Geosynchronous Orbit

GOES Magnetic Field Data
[8] The GOES statistical study uses 9 years (1995-2003) of magnetic field data from GOES-8, 9 and 10 satellites with 1 min time resolution. Durations of the satellite data used in this study are as follows: GOES-8 (1995 GOES-8 ( /12/1-2003 ; GOES-9 (1995 GOES-9 ( /12/1-1998 and GOES-10 (1999/3/1-2003/12/31) . To separate compressional and transverse waves in the magnetic field data, we rotate the data into magnetic field-aligned coordinates (FAC). FAC axes are defined with b parallel to an 1 h running average of the magnetic field direction, f parallel to the vector product of the b vector and the spacecraft geocentric position vector and positive eastward, and n completing the triad. The parallel component B b contains most of the field magnitude and shows the known, strong diurnal variation at geosynchronous orbit. B (azimuthal) and B n (radial) are the transverse components of the field, which fluctuate with zero mean. Variations of B b and |B| are compressional waves; and fluctuations in B and B n are the toroidal and poloidal modes, respectively. The variations in the b component are stronger than the other two components and generate most of the electric fields in the azimuthal direction, according to Faraday's law. Electrons executing azimuthal gradient and curvature drift in the radiation belt will undergo the greatest acceleration when the electric field points in the direction of the electron drift path. Therefore, electric fields in the azimuthal direction are believed to have the largest effect on radiation belt electrons [Elkington et al., 2003] .
[9] To better understand the local time distribution of ULF waves, we divide the magnetic field data into eight 3 h local time sectors starting from local midnight. GOES-8 is at local midnight at 0500 UT, so the GOES-8 data are divided into intervals 0500-0800 UT, 0800-1100 UT, etc. GOES-9 and 10 pass local midnight at 0900 UT, so the corresponding intervals are 0900-1200 UT, 1200-1500 UT, etc. As a result, daily GOES data are separated into eight local time sectors starting from local midnight. We then calculate the power spectral density within each 3 h interval to explore the average wave power and local time distribution at geosynchronous orbit.
[10] Power spectral density (PSD) is a parameter used to reveal the underlying periodicity in data, especially for time series data. To calculate PSD, we (1) exclude intervals that have a sudden or discontinuous change in the time series data (e.g., magnetopause crossings or data gaps); (2) detrend the data with a 3rd degree polynomial fit to eliminate slow variations caused by the diurnal variation of the magnetic field at geosynchronous orbit; (3) despike data points which exceed three standard deviations; (4) run a high pass filter to attenuate frequencies lower than some desired cutoff frequency (0.5 mHz is the lower limit of ULF waves considered in this study); and (5) perform a Fast Fourier Transform to obtain the PSD in units of nT 2 /Hz.
Average PSD in Parallel and Transverse Components
[11] We repeat the procedure to calculate PSD of the 3 h GOES data of all three field components in FAC. The Nyquist frequency of the 1 min GOES data is 8.3 mHz. The total number of 3 h GOES intervals is greater than 60000, with >7500 PSD samples in each local time sector. Variations among the PSDs are large, spanning 4 orders of magnitude between the maximum and minimum values. To demonstrate the general wave characteristics, we show only the median value of the PSDs in each frequency bin and call it the "average PSD." However, it is important to stress that individual events rarely exhibit the exact spectral features of the average PSD.
[12] Figure 1 illustrates the average PSD of GOES data at all local times for the three FAC components. In each panel, the X axis is the satellite local time in hours, and the Y axis is wave frequency in mHz with the Nyquist frequency of 8.3 mHz. The color pixels show the wave power for each frequency and local time bin in units of nT 2 /Hz. The wave power in all field components decreases with increasing frequency rapidlly at all local times. The local time distribution of the compressional component (B b ) peaks in the noon and midnight sectors. The noon peak is likely driven by solar wind dynamic pressure that perturbs the dayside magnetopause at ULF wave frequencies [Kepko et al., 2002] . Geostationary orbit is closest to the magnetopause at noon, so the ULF waves generated by solar wind pressure variations peak at noon in the GOES data. The midnight peak, slightly toward the premidnight sector, is likely the consequence of storm or substorm activity driven by strong tail dynamics (i.e., substorm injections, flow braking etc.). The azimuthal and radial component power (B and B n ) peaks on the nightside with less wave power than the compressional component. The average PSD for B is likely lower than the other two components on the dayside. This could be because the field line resonance has a node at magnetic equator for the fundamental toroidal mode which makes it difficult for low-inclination satellites, like GOES (5 to 10 degrees off the magnetic equator), to measure this type of fluctuation [Singer and Kivelson, 1979] . To clarify how the ULF waves are distributed in local time and wave amplitude for different magnetospheric states, we next explore the wave characteristics at geosynchronous orbit during various solar wind conditions and geomagnetic activity levels.
ULF Waves at GEO as Functions of Given Parameters
[13] It is necessary to find a good sorting parameter for ULF waves to simplify the calculation of radial diffusion coefficients. Historically, Kp is commonly used as the ULF wave power indicator for estimation of radial diffusion coefficients [Brautigam and Albert, 2000] . In this study, 3 h GOES data are sorted by parameters that represent the solar wind drivers and magnetospheric perturbations, such as the solar wind velocity V x , dynamic pressure variations DP d (standard deviation of 3 h pressure data), IMF B z , Kp, Dst, and AE indices. We sort the data based on the median value of each parameter during the 3 h interval. The solar wind and IMF data are obtained from the Wind satellite and are propagated ballistically to Earth's location. The geomagnetic indices are obtained from Geomagnetic Data Service at Kyoto (the AE index is unavailable for 1995 and 1996).
[14] Figure 2 shows number of the 3 h GOES intervals sorted by each parameter. We select the parameter bins in such a way that >98% of the data are included in this analysis. The minimum in each bin is 400 samples (i.e., 400 independent 3 h intervals). When sorting data by solar wind V x , we use parameter bins centered at −300, −400, −500, −600, −700, −800, and −900 km/s. Data in each bin contain solar wind V x within ±50 km/s (half of the bin size) of these central values. Similarly, the dynamic pressure variation bins for the 3 h data are center at 0, 0.5, 1, 1.5, 2, 2.5, and 3 nPa; the IMF B z bins are centered at −14, −10, −6, −2, 2, 6, 10, and 14 nT; the Kp bins contain values from 0 to 8; the Dst bins are centered at −100, −80, −60, −40, −20, 0, 20, and 40 nT; and the AE bins are centered at 0, 150, 300, 450, 600, 750, and 900 nT.
[15] According to the solar wind V x histogram, the most probable solar wind velocity in this survey is V x = −400 km/s, and the histogram drops steeply as velocity increases or decreases away from this value. Similar to solar wind velocity, the pressure variation DP d histogram peaks at low values (<1 nPa) and drops rapidly as the increase of pressure variations. The IMF B z histogram is symmetric about 0 nT. It is worth pointing out that even with an average B z of +2 nT or higher, there could still be intervals of B z southward during any 3 h interval. The magnetospheric activity level is generally moderate as shown by the histograms of geomagnetic Figure 2 . Number of 3 h intervals of GOES data sorted by (top) solar wind velocity V x , dynamic pressure variations DP d , and IMF B z , and (bottom) geomagnetic indices Kp, Dst, and AE. We select the parameter bins in such way that >98% of the GOES data are included.
indices. These parameter distributions are expected from earlier studies which confirms that our sampling is representative of the typical broad range of states of solar wind conditions and geomagnetic responses. To quantify ULF wave properties during different states of the magnetosphere, we investigate the average GOES PSDs as functions of the six parameters discussed above.
[16] The PSDs of GOES data as functions of solar wind V x , dynamic pressure variations DP d , IMF B z , Kp, Dst and AE are shown in rows from top to bottom in Figures 3, 4 , and 5 for B b , B , and B n components, respectively. Each panel is the average PSD within the range of the selected parameter. The color pixels are the wave power of each local time and frequency bin using the same logarithmic scale from 10 0 to 10 3 nT 2 /Hz. When the number of samples in the bins is high, the average PSDs across the frequencies are relatively smooth (e.g., V x = −400 km/s). On the other hand, the average PSDs across frequency bins are noisy when the sample rate is lower (e.g., V x = −800 km/s). [17] The local time dependence for each component is clearly shown in Figures 3, 4 , and 5, especially in the higher solar wind condition and geomagnetic activity bins. In general, the increase of ULF wave power in the compressional, azimuthal and radial components varies similarly as the level of each parameter increases. We discuss the general variations of wave power as functions of selected parameters below in detail.
[18] Solar wind velocity is one of the most frequently used parameters for sorting levels of ULF wave power in magnetospheric studies, [e.g., Mathie and Mann, 2001] . As shown in Figures 3a, 4a , and 5a, the wave power at all local times and frequencies increases monotonically as solar wind V x increases. Similar to solar wind velocity, the GOES wave power as a function of dynamic pressure variations DP d also increases monotonically as shown in Figures 3b, 4b , and 5b. Generally, variations in solar wind dynamic pressure are larger during periods of higher solar wind velocity, which generates more wave activity on the dayside magnetosphere. In addition, higher solar wind velocity (and hence velocity shear) is effective for exciting the Kelvin-Helmholtz instability at the flanks [Pu and Kivelson, 1983] . However, high solar wind velocity intervals are usually complicated. In particular, they can be associated with strong IMF southward events which have different effects on wave power and distribution in the magnetosphere.
[19] Figures 3c, 4c , and 5c show the differences in wave properties between generally open and closed magnetospheric configurations by sorting the PSDs by IMF B z . During periods of IMF B z northward, wave power maxima are concentrated on the dayside and are likely dominated by the direct driving of compressional waves by solar wind pressure variations. For the large positive B z intervals (B z = 10 nT), the strong dayside wave power is probably dominated by sudden storm commencements or magnetic cloud sheath impacts with high density variations. Throughout IMF B z southward intervals, the coupling processes between the solar wind and magnetosphere create stronger and more global perturbations in the magnetosphere than during northward IMF intervals. For example, the field dipolarization pro- cess during substorm events enhances the wave power in the nightside magnetosphere. During magnetic storms, with long intervals of southward IMF, the global disturbances expand and intensify the wave activity at geosynchronous orbit to all local times.
[20] The geomagnetic indices, Kp, Dst and AE, represent the levels of magnetospheric activity globally, in the ring current and in the auroral regions, respectively. Kp indicates the average global field disturbances measured from a number of midlatitude ground magnetometers distributed around the world. Dst is the average magnetic depression near the equator resulting from the formation of the ring current during magnetic storms. AE measures the horizontal auroral electrojet current which is related to the intensity of substorm activity and magnetospheric convection.
[21] The ULF wave power increases monotonically as the global disturbance intensifies, similar to the wave characteristics sorted by solar wind V x . Figures 3d, 3e, 4d, 4e, 5d , and 5e show that the wave power as a function of Kp and Dst grows at all local times, because these indices describe field perturbations on a global scale. The AE-dependent wave properties show a preference for the nightside, shown in Figures 3f, 4f , and 5f, as a result of substorm dynamics and magnetospheric convection which favor the midnight sector, including the tail field dipolarization during substorm events. Kp is one of the commonly used parameters for sorting ULF wave power, [e.g., Takahashi and Anderson, 1992] . Takahashi and Anderson [1992] use AMPTE CCE magnetic field data to investigate the distribution of ULF energy in Pc3-4 bands ( f < 80 mHz), which shows similar local time and Kp dependence to our study (∼Pc5 band). In all given parameters, there is a dawn-dusk asymmetry in the ULF wave power during higher magnetospheric activity, especially in the azimuthal and radial components. The generally accepted view is that the dawn-dusk asymmetry is due to the westward drift path of ions which results in unstable ring current ion distributions in the dusk sector [Southwood, 1977; Hughes et al., 1978; Wilson et al., 2006] .
[22] Figures 3, 4 , and 5 represent the most comprehensive observational ULF wave study at geosynchronous orbit using the largest GOES data set. Figures 3, 4 , and 5 reveal the power spectral density and local time distribution of ULF waves under different conditions and circumstances that is targeted toward the outer zone electron studies. This is also valuable for constructing an empirical wave field model based on observations for different solar wind inputs or geomagnetic activity levels. For example, GOES ULF wave data can be expressed in polynomial equations as shown in Figure 6 . In this case, for simplicity, we do not consider the local time information because electron drift periods are much shorter than diffusion time scales. The local time averaged PSDs are shown using a logarithmic scale with different color dots representing values from different solar wind V x and geomagnetic activity Kp bins. The gray curves are 3rd degree polynomial fits to the PSD sets in the least-square sense. Based on GOES data, the polynomial equation of ULF wave power at geosynchronous orbit is:
in units of [nT 2 /mHz] in logarithmic scale. The coefficients C 3 , C 2 , C 1 , and C 0 for different solar wind V x and Kp levels for B b , B , and B n components are listed in Table 1 . One can generate analytical ULF wave fields based on this equation to simulate radial transport of radiation belt electrons in the manner of Perry et al. [2006] . Next, we use the same technique and data set to quantify statistically the wave characteristics in a global magnetospheric MHD code.
Statistical Comparisons of Data and Model
[23] In the reference by Huang et al. [2006] , the capabilities of the LFM MHD code to predict the ambient magnetic field were examined by statistical comparisons with GOES data. Quantitative statistical studies of the MHD simulations show that MHD field lines are consistently under-stretched, especially during storm time (Dst < −20 nT) on the nightside, a likely consequence of an insufficient representation of the inner magnetosphere current systems in ideal MHD at the LFM grid resolution we used. However, the LFM code makes reasonable predictions of magnetic fields at geosynchronous orbit during nonstorm time intervals (Dst > −20 nT). Huang et al. [2006] examined the predictive capability of the models for the field configuration and magnitude for long-term, average trends on the scale of hours and days. In this study, the model outputs are compared with GOES data on a much shorter time scale (minutes) to test the performance of the MHD code for predicting magnetospheric pulsations in the ULF wave frequency range.
[24] Using the LFM code, we simulate 27 days taken from the interval 23 February to 26 April 1996, and statistically compare the model results with GOES-8 PSD data in the same time interval. The time resolution of this LFM simulation was chosen to be 2 minutes, a balance between sufficient time resolution for ULF study and reasonable data storage. The Nyquist frequency of the model and data comparisons is thus 4.2 mHz. The spatial resolution of the LFM code at geosynchronous orbit is between 0.25 and 0.5 R E , which is adequate to capture ULF waves. The solar wind is the plasma source in the LFM code. The code does not include ion outflow from an ionosphere or plasmasphere model, so the number density in the inner magnetosphere of the simulations is lower than what is typically observed. We use the solar wind and IMF data (1 min) measured by the Wind satellite downloaded from CDAWeb as the upstream boundary conditions to drive the LFM code. The 27 days simulation is not continuous due to perigee passes of the Wind satellite. However, this time interval represents typical solar wind conditions including long quiet periods, periods of moderate geomagnetic activity (Dst > −50 nT) and several substorm events. The range of the solar wind data covered in the 27 d interval is described as the median values and standard deviations of three representative parameters: solar wind velocity V x (397 ± 77 km/s), proton number density (7.1 ± 5.5 cm −3 ), and IMF B z (−0.5 ± 2.5 nT).
[25] To quantify ULF wave predictions in the LFM code, we calculate the power spectral density for each 3 h interval of the 27 days. Since these global models were developed to describe the large-scale configurations and dynamics of the magnetosphere, it is not surprising that the model wave predictions for individual events are poor. To compare the statistical properties of ULF waves in the data and model outputs, we take the median PSD values in each frequency bin to obtain the average PSD for all local time sectors and field components. We then compare the average PSDs of GOES data and the LFM outputs for the same 27 d interval statistically in Figure 7 . In each part, the color pixels show the PSD values of vector magnetic field versus local time and frequency with the same logarithmic scale. Figure 7 (top) is the ULF wave power calculated from GOES-8 data, and Figure 7 (bottom) is from the LFM model results.
[26] For the zeroth order, the LFM code predicts ULF wave power well for all field components when compared statistically to GOES data. In the B b component, LFM generates higher power on the dayside and lower power on the nightside than the GOES observations. For the B component, LFM predicts very similar ULF wave power compared to the observations in all frequencies and local time sectors. Finally, LFM overestimates the higher frequency range in most local times when compared to GOES data. Although the LFM nightside field configurations are under-stretched in most conditions [Huang et al., 2006] , the code reproduces wave activity on the nightside during this time interval reasonably well, especially in the perpendicular components.
[27] ULF wave power observed at geosynchronous is very sensitive and highly variable, spanning 4 orders of magnitude between maximum and minimum wave powers. Therefore, it is difficult to reproduce quantitatively the exact ULF wave powers as the observations using a global MHD code. Nevertheless, LFM gives a reasonable qualitative wave power distribution in local time and frequency during a 27 day nonstorm interval and shows its capability of modeling variations in the magnetosphere on ULF time scales.
Discussion and Conclusions
[28] Quantifying magnetohydrodynamic wave properties at geosynchronous orbit is important for radiation belt studies, because it is in the region where the energy coupling between ULF waves and relativistic electrons is greatest [O'Brien et al., 2003] . In past decades, scientists have combined experimental and theoretical techniques to make significant progress in understanding the sources, propagation, and detailed characteristics of ULF waves. In contrast to previous work, we do not study the nature of the waves, but rather we characterize the ULF wave power in observations and a global magnetospheric model in order to quantify the wave effects on the radiation belt electrons. We use power spectral density to characterize the ULF waves in the inner magnetosphere using magnetic field observations and global magnetospheric models. While the integrated wave power is known to be dominated by the lower-frequency bands, PSD reveals how the wave intensity as a function of frequency varies with location and controlling parameters. It is important for radiation belt studies to identify the wave power at specific frequencies that affect specific particle populations (e.g., the drift resonance frequency of a 1 MeV electron at geosynchronous orbit is ∼1 mHz while a 5 MeV electron is resonant with ∼5 mHz waves).
[29] Both the GOES wave statistical study and model wave predictions show compressional ULF wave power peaks at noon and midnight while the transverse components peak in the midnight sector. Such local time distributions are similar to the results of Zhu and Kivelson [1991] and Takahashi and Ukhorskiy [2007] for all field components. This similarity demonstrates that these independent studies using different data sets and PSD calculation methods reach similar conclusions. However, the local time distribution at geosynchronous orbit is different from that at other radial distances, as shown by Zhu and Kivelson [1991] and other studies. This suggests that the wave generation or propagation mechanisms are different for different regions in the magnetosphere. For example, at geosynchronous orbit, the majority of the ULF wave power at dayside is produced by solar wind pressure variations and wave power at nightside is from storms and substorms caused by interplanetary magnetic field fluctuations.
[30] Additionally, we quantify the GOES PSDs as functions of various controlling parameters to better understand how the magnetic field responds over short time scales during different conditions. The general increase of ULF wave power in the compressional, azimuthal and radial components varies similarly as the level of each parameter increases. ULF wave power increases at all local times as solar wind V x and dynamic pressure variation increase, consistent with dynamic pressure variations growing with higher solar wind velocity and directly driving the magnetosphere at ULF wave frequencies. When IMF B z is northward, wave activity is concentrated on the local dayside. Throughout IMF B z southward intervals, the solar wind-magnetosphere coupling process creates stronger and broader perturbations as B z becomes more negative, especially on the nightside. During intervals of large global disturbances, described by Kp and Dst, wave power increases at all local times and frequencies. On the other hand, wave distributions during substorm events, described best by the AE index, are strongest on the nightside as a consequence of localized tail field dipolarization.
[31] The formation of ULF waves in the magnetosphere is the combination of many physical processes. To find the geomagnetic index that best describes the ULF wave power at geosynchronous orbit, we compare the correlation coefficients between the integrated wave power of GOES data and the different parameters. The integrated wave powers are calculated from the PSD maps from Figure 3 , 4, and 5. For each PSD map, we take an average of the local time PSD and integrate the spectral density over the frequency range (0.5 to 8.2 mHz) to obtain the integrated wave power value in units of nT 2 . To compare the correlation between wave power and given parameters, we calculate Spearman's rank correlation coefficient. This measure of correlation describes the relation between two variables without making any assumption about the distribution of the variables. The correlation coefficients for solar wind V x , dynamic pressure variations DP d , IMF B z , Kp, Dst, and AE are 1, 1, 0.6, 1, 0.94, and 1, respectively. The integrated wave power grows as the solar wind driver or geomagnetic activity increases with high correlation with all of the parameters. Comparing the three solar wind drivers, the coefficient value of IMF B z is smaller than solar wind velocity and dynamic pressure variations, because IMF B z has a less direct effect on geomagnetic field perturbation. Larger solar wind velocities generate Kelvin-Helmholtz waves on the flanks and higher dynamic pressure variations create more magnetospheric fluctuations at ULF frequencies.
[32] Finally, we examine the ULF wave predictions from a global magnetospheric MHD code for the first time. Since the waves are a second-order quantity produced by the model, we have limited expectations of the accuracy of the code in predicting detailed wave properties compared to GOES data on an event to event basis. However, we may reasonably expect the modeled wave statistical properties to agree with observations. The LFM code predicts wave properties well in a statistical sense in comparison to GOES data under typical solar wind conditions for 27 days of a nonstorm interval. Although the LFM code does not predict magnetic field configurations perfectly due to the lack of a sufficient current system in the inner magnetosphere, the ULF wave predictions at geosynchronous orbit are surprisingly good.
[33] In summary, we demonstrate new ways to characterize and study ULF waves in the inner magnetosphere that are critical for controlling radiation belt electron dynamics. A statistical study of GOES magnetic field data provides a characterization of ULF wave spectra at geosynchronous orbit during different solar wind conditions and levels of geomagnetic activity. Based on these characterizations, we describe the wave local time distribution and amplitude as a function of given solar wind conditions and geomagnetic activity. Exploring wave properties in a magnetospheric model also shows the strengths and limitations of the physicsbased model in predicting field fluctuations on a global scale. The MHD simulation reproduces the ULF waves remarkably well. Quantifying ULF waves using data and model output helps to better understand the physical processes of the inner magnetosphere and also represents a significant contribution to radiation belt research. We have demonstrated that the LFM code is capable of reproducing magnetospheric ULF waves through solving the MHD equations globally even when lacking some known magnetospheric physics in the code.
[34] In this paper, we constructed the most comprehensive observational ULF wave study at geosynchronous orbit that can be used for outer zone electron studies. The statistical study results, local time distributions of ULF waves and wave power as functions of solar wind conditions and geomagnetic activity levels, are important and essential elements needed to better understand wave induced particle diffusion in the magnetosphere. In addition, we made the first direct comparison of wave power generated by global magnetospheric models with observations. The LFM code produces reasonable ULF wave power during typical conditions which is a significant contribution to the radiation belt studies. This work fills in a long-standing gap by identifying a wave field model that provides global, time-dependent ULF wave fields in the magnetosphere. Based on this work, we perform radial transport calculation of radiation belt electrons using the LFM code in the companion paper [Huang et al., 2010] .
